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Ni(OH) 2 NPs/Nafion-MWCNTs were characterized by transmission electron microscopy (TEM).
The results show that Ni(OH) 2 nanoparticles were electrodeposited on the surface of carbon nanotubes. Moreover, the electrochemical behavior of the modified electrodes in aqueous alkaline solutions of insulin was studied by cyclic voltammetry and chronoamperometry. It was found that the as prepared nanoparticles have excellent electrocatalytic activity towards insulin oxidation due to their special properties, reducing the overpotential and improving the electrochemical behavior, compared to the bare GC electrode. Amperometry was used to evaluate the analytical performance of modified electrode in the determination of insulin. Excellent analytical features, including high
Introduction
Diabetes is caused by the insufficient release of insulin or loss of insulin action at target tissues, which results in aberrant glucose and lipid metabolism. Insulin is an important polypeptide hormone produced in the pancreas that is used to control the glucose levels in blood within a narrow concentration range [1, 2] . The administration of insulin constitutes the fundamental treatment of the diabetes mellitus type 1. Although we have insulin for more than 75 years, in the last two decades important changes have been realized due to the use of biosynthetic human insulins, which are obtained by means of technologies of genetic recombination from cultures of bacteria (Escherichia coli) or yeasts. Recently, it has also started using insulin analogous either of much rapid (Aspart) or slow action (Glargine). The detection of insulin is of great importance not only for clinical diagnostics, because it serves as a predictor of diabetes of insulinoma and trauma [3, 4] but also for drug quality and prescription.
Many different analytical methods have been described for the quantitative analysis of insulin, among them radioimmunoassay [5, 6] , fluorescence resonance energy transfer (FRET) [7] , MALDI-TOF mass spectrometry [8] , capillary electrophoresis [9] , HPLC [10] , etc. However, most of these methods are time-consuming, cumbersome, and expensive. As resulting, although detection of this analyte possesses many challenges, as far as we know, no commonly accepted reference method for insulin determination has been yet established and the scientist community is making an effort in order to establish one.
The use of electrochemical methods, in particular electrochemical sensor, offers some advantages compared to other methodologies, such as high sensitivity, rapid response, low cost, miniaturization and more important the possibility to construct portable devices easy to use for point of care. It enables real time monitoring, which could be a real improved in prediabetes individuals diagnosis.
However, electrochemical sensors as an analytical tool for insulin determination require the use of modified electrodes because the direct oxidation of insulin at conventional electrodes is limited by a low sensitivity, reproducibility, selectivity and signal stability. This is largely due to the high overpotential at which the insulin oxidation process takes place, slow kinetics and surface electrode fouling [11] . Modified electrodes have been successfully used for insulin determination. Among different modifying agents used to avoid the mentioned problems, it can be mentioned: ruthenium oxide film [12] , cobalt oxide nanoparticles [13] , silica nanoparticles [14] , iridium oxide [15] , nickel oxide nanoparticles [16] .
The new trends in insulin electrochemical sensors development combine organic or inorganic redox mediators with nanostructures, in particular different carbon nanomaterials such as graphene nanosheets and mostly carbon nanotubes have been employed [16] [17] [18] . The great advantage of use carbon nanotubes is they enable negligible surface fouling [19] , which is one of the principal problems that affects electrochemical sensors based on sulfur groups oxidation [20] .
During the last decades there has been an increase interest in the development of new non-noble metal base catalyst and electrocatalyst, which has led the use of nickel and cobalt compounds. Both, nickel and cobalt metal centers are of particular interest as redox mediators in basic media showing high catalytic activity towards the electroxidation of organic compounds containing hydroxyl groups and sulfur derivatives. In the case of nickel, the electrocatalytic effect is considered to arise from unpaired d electrons or empty d orbitals associated with the oxidized form of Ni, which are available for bond formation with adsorbed species or redox intermediates [21] [22] [23] . On the other hand, for electrocatalytic applications, catalytic activity increases significantly moving from bulk materials to nanosized structures. Thus, the use of supporting substrates decorated with nanoparticles or nanostructures can be a good strategy to create highly efficient electrocatalyst [14, 16, 24, 25] . In this sense, it is well known that high-surface-area CNT combined with metal nanoparticles or metal oxides can improve the performance of the final material [26] . Indeed, modified electrodes with a suitable electrocatalyst (Ni 2+ /Ni 3+ redox couple), combined with carbon nanomaterials, in order to avoid fouling effects, has been successfully employed to electrocatalyze insulin oxidation [11, [16] [17] [18] .
Different chemical routes, such as sonochemistry, sol gel, and solvothermal methods, among others, [27] [28] [29] [30] [31] [32] [33] [34] have been described for the formation of nickel hydroxide on surfaces. However, these methods typically result in thin film structures [35] [36] [37] [38] . The direct formation of particles in situ on the electrode of interest represents a simpler alternative. Furthermore, as amply demonstrated for the formation of immobilized metal nanostructures, the size and coverage of electrodeposited nanostructures can be modulated controlling the electrode potential [39] .
Previous reported studies of nickel hydroxide electrodeposition have in general focused on either the electrochemical generation of OHin the presence of Ni 2+ to form directly nickel hydroxide [40] [41] [42] or an indirect approach in which nickel is first electrodeposited from Ni 2+ in solution or a nickel metal electrode is employed and the nickel is fully oxidized by potential cycling in strong alkaline solution [43] [44] [45] [46] . There are no reports in the literature concerning the production of isolated nickel hydroxide nanoparticles on whatever electrode surface by the direct approach; rather, thin film structures tend to be produced. Only randomly isolated nickel hydroxide nanoparticles have been formed on boron-doped diamond electrodes [47] . The indirect approach generally results in the formation of predominantly micrometer-sized nickel hydroxide particles [48, 49] and a heterogeneous surface distribution.
We have recently described a novel method for the production of highly-dense and uniform surface coverages of isolated Ni(OH)2 nanoparticles of small size (≈10 nm) on different electrode surfaces [50] . In this work, since the method developed is an interesting route for the production of high coverages of Ni(OH)2 as isolated NPs on different electrode surfaces, we have gone a step further and we have employed them to decorate CNTs, due to large specific surface area and high electrical conductivity of this nanomaterial. Moreover, combining the above mentioned excellent properties of CNTs, as well as antifouling material, with the high electrocatalytic activity and special properties of the Ni(OH)2 nanoparticles generated, we have used the resulting hybrid nanomaterial for the development of an insulin electrochemical sensor.
Experimental

Reagents and apparatus
Dinuclear Ni monothioacetate paddle-wheel complex, [Ni 2 (CH 3 COS) 4 ·EtOH], was prepared according to a slight literature modification [51] . A warm ethanolic solution of thioacetic acid ( 0,037 mol) was treated with [NiCO 3 ·2Ni(OH) 2 ·4H 2 O] (0,018 mol) in a portion-wise fashion. Color changed from light orange to deep red in about 30 min and the mixture was stirred further for 4h.
The suspension formed was filtered and the precipitated discarded, filtrate was allowed to stand overnight at -10 ºC to yield deep red plate-like crystals, 1.854 g (43 %). 1 Cyclic voltammetry and amperometry were used to study the electrocatalytic properties and the response of the Ni(OH) 2 NPs/Nafion-MWCNTs/GC modified electrode. All electrochemical measurements were carried out using an Autolab potentiostat/galvanostat type PGSTAT 302N (Eco Chemie, Netherlands) using the software package GPES 4.9. A homemade three electrodes electrochemical cell was used for electrochemical experiments. Glassy Carbon (GC) disk electrode (3 mm diameter) for CH Instruments was used as working electrode and a platinum wire as counter electrode. Homemade Calomel electrode was used as reference electrode for aqueous solutions.
Special Calomel electrode for organic medium from Radiometer Analytical was used for electrochemical experiments in chloroform solutions. Rotating disk electrode (RDE) measurements were carried out using a Glassy Carbon disk electrode from PINE. All experiments were made at room temperature.
For the nanoscale catalysts characterization by transmission electron microscopy (TEM), gold grids were used and images were recorded with a JEOL JEM 2100 electron microscope.
Procedures
Preparation of Ni(OH) 2 NPs/Nafion-MWCNTs/GC modified electrode.
Prior to the electrode modification, the glassy carbon surface was polished to a mirror-like surface with 0.1 µm of diamond paste in a Buelher polishing cloth with ultrapure water as lubricant. After thoroughly rinsing, 5 μL of MWCNTs-COOH stock dispersion were casted onto the surface of GC electrodes and were dried at ambient conditions. Ni(OH) 2 nanoparticles were generated along the MWCNT modified glassy carbon electrode following the method developed by us [50] . Briefly it is based on the electrogeneration of [Ni 2 (CH 3 COO) 4 For TEM measurements, the layer of carbon nanotubes decorated with Ni(OH) 2 nanoparticles was removed from the GC electrode and dispersed in 100 μL of pure acetone. 5 μL of the suspension was deposited onto the gold grid and led to dry in a desiccator.
Determination of insulin in pharmaceuticals and in human plasma.
Prior to use, both samples were purified using Amicon ® Ultra 3K centrifugal filter (Millipore) and then diluted in 0.1 M NaOH solution. The standard addition method was used for quantitative analysis. During the surface modification process, the surface oxides may act as active sites in the electrodeposition of nickel compounds. Within the period selected for the electrodeposition, the particles grow to an equivalent size, in different particle densities over the surface of MWCNTs. 
Results and discussion
Electrochemical behavior of Ni(OH) 2 NPs/Nafion-MWCNTs/GC electrodes
The electrochemical behavior of as prepared Ni(OH) 2 NPs/Nafion-MWCNTs/GC electrode was studied in 0.1 M NaOH. Successive cyclic voltammetry scans are shown in Fig. 2 . As can be observed the shape of the voltammogram changes after the first scan and then remains constant showing a well-defined redox-couple with a formal potential of +0.39 V, which correspond to the widely reported process:
Oxidation peak:
Ni(OH) 2 → NiOOH + e − + H + Reduction peak:
The surface coverage (Γ) can be evaluated from the cyclic voltammograms by using the equation Γ = Q Ox / nFA, where Q Ox is the charge obtained after integration of the oxidation peak, F is the Faraday constant (96485 C mol -1 ), n is the number of electrons transferred in the redox process (n = 1) and A is the area of the electrode (0.07 cm 2 ). The Γ value was calculated to be 2.26 x 10 -8 mol cm -2 . This value is about 10 times higher than that obtained when no MWCNTs were used [50] . The stability of the Ni(OH) 2 NPs/Nafion-MWCNTs/GC electrode was evaluated from cyclic voltammograms obtained under continuous potential cycling from 0.0 to +0.7 V at 0.1 V s -1 in 0.1 M NaOH. As can be seen in Fig. 2 , the very slow shift of oxidation peak potential observed during electrochemical cycling suggests a gradual conversion of Ni 2+ to Ni 3+ . Moreover a significant decay in the current was observed during the first scan. However after this initial loss of electroactive material, the additional loss was less than 7% for continuous cycling during 10 min. The resulting modified electrodes exhibit an excellent stability and high Ni(OH) 2 NPs surface coverage. The electrogenerated Ni(OH) 2 exhibited the voltammetric shape typical of oxidized surfaces and the significant ∆Ep is typical of such process. In fact, counterion transport can be limiting and thus the large ΔEp value [52] . The formal potential (E=+0.45 V) is practically constant at low scan rates and the anodic and cathodic peak currents show a linear dependence with the square root of the sweep rate over the range of 0.02-0.75 V s −1 as anticipated for a diffusion controlled process; again likely counterion transport (Fig. 3A) . These results indicate that, at low scan rates the system is electrochemically quasi-reversible suggesting facile charge transfer kinetics. At high scan rates, the value of ∆Ep increases. This electrochemical irreversibility is indicative of serious limitations in the kinetics of charge transfer at these conditions. Although the Laviron's formalism is generally applicable to simple redox reactions, and in this case counterion transport could be rate limiting, taking into account that the redox species are immobilized on the electrode surface, the apparent surface electron-transfer rate constant (k s ), as well as the electron-transfer coefficient (α) were determined through the Laviron's equations [53] . The anodic and cathodic peak potentials were plotted vs log (v) in a typical Laviron's plot ( Fig. 3B ). At scan rates higher than 4 V s −1 the peak potential depicts a linear dependence with log (v) (Fig. 3C ). From the ratio of the slopes of these straight lines, the electron transfer coefficient (α) and the apparent surface electron-transfer rate constant (k s ) were found to be 0.49 and 22.9 s -1 , respectively. 
Electrocatalysis of insulin oxidation
Direct oxidation of insulin represents an interesting method for the determination of this compound in a fast and easy way. Fig. 4B shows cyclic voltammograms recorded at a Ni(OH) 2 NPs/Nafion-MWCNTs/GC modified electrode in the absence and in the presence of 0.5 mM insulin. In the absence of insulin the redox couple ascribed to the Ni 2+ /Ni 3+ process is evident. Upon addition of insulin, an increase in the anodic peak current concomitant with a decrease in the cathodic current is observed. This behavior is characteristic of an electrocatalytic effect and indicates that Ni(OH) 2 NPs directly participate in the oxidation of insulin, which causes a decrease in the number of Ni(III) centers and the consequently decrease in the cathodic current in the backward scan. In addition, a shift of the peak potential to more positive potentials is observed. This fact may be due to a kinetic limitation in the electroxidation process. These results were compared to those obtained in the absence of Ni(OH) 2 NPs, at a Nafion-MWCNTs/GC modified electrode (Fig. 4A ). In this case, in the presence of insulin an adsorption peak at approximately +0.24 V appears. Successive additions of insulin show that the current is not linearly related to concentration (data not shown).
An advantage of using the Ni(OH) 2 NPs/Nafion-MWCNTs/GC electrode prepared by us, compared to other similar modified electrodes [16] , is that with our Ni modified electrode the presence of insulin causes the increase of the anodic peak current of the Ni 2+ /Ni 3+ redox couple instead of the appearance of a new one at higher potential. This fact may be due to the better and faster electron transfer communication between our Ni(OH) 2 nanoparticles based redox system and the analyte (insulin). 
Determination of the catalytic rate constant
The effect of the potential scan rate in the electrocatalytic response to 0.5 mM insulin in 0.1 M NaOH solutions was also evaluated. The catalytic current increases linearly with the square root of scan rates in the range of 0.01-0.5 V s -1 (inset, Fig. 5 ). This means that the insulin electroxidation process is diffusion controlled. However, as can be seen in Fig. 5 , the anodic peak potential shifts towards positive potentials as the scan rate increases, which suggests that the process has a kinetic limitation. Figure 5 .
The catalytic rate constant has been determined by the method described by Galus [54] , using cronoamperometric measurements. This method is based on the equation: i CAT and i D are the currents in the presence and absence of insulin respectively. γ is the argument of the error function described as γ= kC*t, where C* is the bulk concentration of insulin in the solution and k is the catalytic rate constant and t is the elapsed time in seconds. The catalytic rate constant as a function of insulin concentration was estimated by plotting i CAT /i D vs the square root of time. From the slope of a secondary plot we have determined a catalytic rate constant of (1.12 ± 0.01) × 10 3 M -1 s −1 . This quite high value confirms that the method developed gives rise nanoparticles with a very high catalytic efficiency.
Insulin sensor response
To prove the potential application of these efficient electrocatalyst as an insulin sensor, the amperometric response of electrocatalyst-modified electrodes to increasing concentrations of insulin was assayed. After an initial loss of activity (10 %), the modified electrode exhibited a very stable response during hours of continuous work. As an example, in replicate determinations (n = 3) of 40.0 μM insulin, we observed less than 10% of loss of activity. This behavior indicates that insulin or its oxidation products do not block the Ni(OH)2NPs/Nafion-MWCNTs/GC modified electrode surface.
Moreover, an electrode can be employed after dry storage condition for 60 days at room temperature in air with a loss of activity of about 9%. However, due to the ease of preparation we typically modified an electrode and employed it in all determinations in the course of a day. Figure 6 .
Considering the fact that chronoamperometric measurements carried out under stirring conditions are expected to give a better sensitivity than calibration curves obtained under quiescent solutions, a new calibration curve was carried out using a Ni(OH) 2 NPs/Nafion-MWCNTs/GC rotating disk electrode. Fig. 6B shows the amperometric response of a Ni(OH) 2 NPs/Nafion-MWCNTs/GCRDE to successive additions of insulin. A plot of i ss vs insulin concentration is linear (inset, Fig. 6B ) up to 10 .0 µM with a correlation coefficient of 0.9899 and a sensitivity of 5.0 A mol cm -2 μM -1 . The detection and quantification limits, calculated as is described above, were found to be 85 and 490 nM, respectively. These values are comparable to those previously described for similar insulin sensor [11, 17, 55] and are adequate to the direct determination of insulin in different matrix such us pharmaceutical o biological fluids.
The reproducibility was evaluated from three different sensors for 1.50 μM insulin determination.
The average response was 1.497 μM with a standard deviation of 0.065 μM (R.S.D. 4.3 %).
Interference study
One of the most important aspects to take into account for any analytical application of sensors is the study of the effect of interfering compounds potentially present in the real sample. In order to evaluate the possible interfering effect of few common substances, the sensor response for 5.0 µM insulin was obtained in the absence and in presence of different concentrations of ascorbic acid, uric acid, acetaminophen and glucose under the optimized experimental conditions ( Table 1) . The presence of the potential interfering compounds did not affect the response except in the case of glucose where an increase of about 19% of the signal was observed. However, at lower concentrations the presence of this compound did not show any effect. These results agree well with the presence of Nafion in the sensor, which avoids the interference of negative charged compounds such as ascorbate. *The solution contains 5.0 µM insulin and the response compared to that of plain 5.0 µM insulin taken as 100%.
Determination of insulin in pharmaceuticals and in human plasma
The insulin sensor developed was applied to the determination of insulin in pharmaceuticals, in particular two commercial injections containing insulin analogous of rapid (Aspart) and slow action (Glargine), and in human plasma. For this purpose, prior the determination both samples were purified as is described in the experimental section. In the case of pharmaceuticals, amperometric data recorded during analysis of unspiked samples showed a linear increase of the current with increasing insulin concentrations. The recovery and precision of the complete method were evaluated and the results are shown in Table 2 . On the other hand, when human plasma was used, a certain value of standard solution of insulin (1.8 µM) was added into the plasma for testing the recovery. As can be seen in Table 2 , in this case the recovery was less efficient probably due to the complexity of the matrix. 2 NPs/Nafion-MWCNTs/GC modified electrodes was studied by chronoamperometry and cyclic voltammetry. From these studies the catalytic rate constant was determined to be (1.12 ± 0.01) × 10 3 M -1 s −1 . The resulting modified electrode has been shown to be effective for insulin determination with good reproducibility and long-term stability and was applied for insulin determination in human plasma and pharmaceuticals with excellent results. 
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